In most modern populations, there are sex differentials in morbidity and mortality that favor women. This study addresses whether such female advantages existed to any appreciable degree in medieval Europe. The analyses presented here examine whether men and women with osteological stress markers faced the same risks of death in medieval London. The sample used for this study comes from the East Smithfield Black Death cemetery in London. The benefit of using this cemetery is that most, if not all, individuals interred in East Smithfield died from the same cause within a very short period of time. This allows for the analysis of the differences between men and women in the risks of mortality associated with osteological stress markers without the potential confounding effects of different causes of death.
A sample of 299 adults (173 males, 126 females) from the East Smithfield cemetery was analyzed. The results indicate that the excess mortality associated with several osteological stress markers was higher for men than for women. This suggests that in this medieval population, previous physiological stress increased the risk of death for men during the Black Death to a greater extent than was true for women. Alternatively, the results might indicate that the Black Death discriminated less strongly between women with and without pre-existing health conditions than was true for men. These results are examined in light of previous analyses of East Smithfield and what is known about diet and sexually mediated access to resources in medieval England. Am J Phys Anthropol 143: [285] [286] [287] [288] [289] [290] [291] [292] [293] [294] [295] [296] [297] 2010 . V V C 2010 Wiley-Liss, Inc.
In the majority of modern populations, women tend to experience lower age-specific mortality rates at most (if not all) ages and live longer than men (Heligman, 1983; Coale, 1991; Hill and Upchurch, 1995) . For example, in 2008 the life expectancy at birth for U.S. females was nearly 6 years longer than that of males, and in many countries, the disparity in life expectancies was even greater. In that same year, male life expectancies at birth exceeded those of females only in a very small minority of countries for which data were available (https://www.cia.gov/library/ publications/the-world-factbook/fields/2102.html). Mortality differentials favoring females occur because they appear to be more resistant to many diseases and generally more highly buffered against environmental stressors than males are (Stinson, 1985) .
Females are often at lower risks than males of morbidity and mortality from many causes in modern populations, i.e., females often face lower probabilities than males of contracting or developing many different types of diseases and lower probabilities of dying from various causes. Many studies have found that males are more susceptible than females to a wide range of diseases caused by viruses, bacteria, parasites, and fungi (e.g., Hoff et al., 1979; Oliviera et al., 1981; Kirkwood et al., 1983; Brabin and Brabin, 1992; Acuna-Soto et al., 2000; Klein, 2000; Noymer and Garenne, 2000; Wells, 2000; Blessmann et al., 2002; Owens, 2002; Leone et al., 2004; Jansen et al., 2007; Noymer, 2008; Taylor et al., 2009) . Males often suffer more severe symptoms or are at elevated risks of mortality from a variety of parasitic and infectious diseases, such as staph infection, trypanosomiasis, leptospirosis, and respiratory infections (Hoff et al., 1979; Laupland et al., 2003; Jansen et al., 2007; Falagas et al., 2008) . However, males are not always at a disadvantage with respect to infectious and parasitic diseases. Many studies in human populations and experimental studies with animal models have found diseases that disproportionately affect females, such as malaria, leishmaniasis, listeriosis, and toxoplasmosis (Alexander, 1988; Roberts et al., 1995 Roberts et al., , 2001 Pasche et al., 2005) .
There are also important differences between men and women in terms of the morbidity and mortality associated with degenerative diseases. In modern populations, men suffer more severe symptoms or are at higher risks of mortality from such chronic diseases as cardiovascular diseases, respiratory tuberculosis, malignant neoplasms, renal disease, and cirrhosis of the liver (e.g., Lopez, 1984; Liu et al., 2003; Cerfolio et al., 2006; Kaminsky et al., 2006; Ng, 2007; Pilote et al., 2007; Kalra et al., 2008; Silbiger and Neugarten, 2008; Farinati et al., 2009; McGovern et al., 2009 ). However, some diseases disproportionately affect women. For example, there is a higher prevalence of diseases such as chronic obstructive pulmonary disease and autoimmune disorders among women (Fairweather et al., 2008; Cote and Chapman, 2009) , and women are more likely to suffer more severe symptoms and higher mortality from stroke and diabetes (Moriyama, 1984; Reeves et al., 2008; Turtzo and McCullough, 2008; Appelros et al., 2009) .
Even though males might fare relatively well with respect to some causes of morbidity and mortality, overall it appears that women in modern populations are generally less frail than men, particularly given the near-universal pattern of longer life expectancy or lower age-specific mortality rates at most ages for women (Heligman, 1983) . Frailty refers to an individual's relative risk of death compared to other members of the population (Vaupel et al., 1979) , or as Vaupel (1988: p. 277) describes it, ''a set of susceptibilities and risk factors that alters their chances of death at different ages.'' Differences in frailty among individuals within a population (i.e., heterogeneous frailty) exist because of differences in susceptibility to disease and death that may have genetic, biological, environmental, socioeconomic, or other causes (Wood et al., 1992; Aalen, 1994) . The sex differentials in morbidity and mortality observed in modern populations have various causes. Some of the sex differences in favor of females might be genetically determined. For example, diseases that are caused by recessive X-linked genes, such as X-linked immunodeficiency syndromes, disproportionately affect males (Waldron, 1984) . Some of the observed sex differences in infectious and parasitic disease patterns are attributed to sex hormones, which play an important role in the immune system, as estrogens generally enhance immunocompetence, whereas androgens reduce it (Grossman, 1985; Ansar Ahmed et al., 1999; Klein, 2000; Roberts et al., 2001; Janele et al., 2006) . Sex hormones also affect behaviors, such as aggression, which influence an individual's risk of exposure to infectious disease (Klein, 2000) . Sex hormones may also influence the risks of some degenerative diseases. For example, sex hormones may affect atherogenesis (plaque formation within arteries) and thereby influence risks of cardiovascular disease (Choi and McLaughlin, 2007) . The sex differentials associated with some degenerative diseases are also the result of behavioral differences, such as higher rates of cigarette smoking and alcohol consumption among men that are linked to excess male mortality from such causes as coronary heart disease, certain cancers, and cirrhosis of the liver (Hetzel, 1984; Lopez, 1984) .
The pervasiveness of morbidity and mortality differentials with respect to sex in modern populations raises the question of whether such differentials existed in the past. Researchers have examined mortality differentials in the past using documentary data, but such studies are generally limited to the past several hundred years. According to Bullough and Campbell (1980) , men were believed to live longer than women in the ancient and Medieval world, but beginning in the 14th century, some documents indicate that women lived longer than men. Unfortunately, there are few empirical data to confirm this. Mortality data based on historical documents are available from northern Italy as early as the 14th century and from other European countries (e.g., England, Wales, and France) beginning in the 16th century, but relatively good data on ages at death for both sexes, which would allow for comparisons of both longevity and age-specific mortality rates between the sexes, do not generally appear until much later, during the 18th century (Russell, 1948; Hollingsworth and Hollingsworth, 1971; Herlihy, 1977; Wrigley and Schofield, 1981; Willigan and Lynch, 1982; Ell, 1985; Bonneuil, 1993; Gage, 2005) . National data on mortality were not collected until the 18th century, beginning in Scandinavia and followed decades later by other European countries (Gage, 2005) . There is some evidence from historical documents that a sex differential in favor of women existed in some populations by at least several hundred years ago. In 17th-century London, for example, mortality rates for women were apparently lower than those of men, despite reports from physicians that women suffered more than men from diseases and uniquely from complications associated with pregnancy and childbirth (Graunt, 1975) . According to Coale (1991) , mortality rates have been lower for women in European populations since at least the mid-19th century. At that time, women lived on average 2-3 years longer than men, and the disparity has increased since then such that women now live as many as 7-8 years longer, on average, than men in several European populations (Preston, 1977) .
Investigators have attempted to address questions about mortality differentials in the past by examining life expectancy or mortality rates using skeletal data, with varying results. It is difficult to estimate sex-specific life expectancy from birth using skeletal data given the problems associated with determining sex for subadult skeletal material (Gage, 2000) . Some researchers thus only estimate life expectancies at age 15 (or some other late teen/early adult age) or they estimate average ages at death among adults. Results from these studies have suggested that several different scenarios existed in past populations: longer life expectancies or higher average ages at death for females (e.g., among the prehistoric Pueblo and in 14th-century Japan: Bennett, 1973; Nagaoka et al., 2006) , longer life expectancies or higher average ages at death for males (e.g., in several early agricultural populations and late medieval Croatia: Heligman, 1983; Š laus, 2000) , and crossovers such that life expectancy was higher in one sex at early ages but lower at older ages (e.g., among 18th-century Arikara and in medieval Sweden: Owsley and Bass, 1979; Högberg et al., 1987) .
In addition to estimating life expectancies from skeletal samples, biological anthropologists can examine osteological stress markers that form in response to episodes of disease, malnutrition, or other physiological stressors to determine how sex affected risks of morbidity and mortality in past populations. Several studies that have looked at differences between men and women in the frequency of particular osteological stress markers have reported higher frequencies among men in past populations. For example, Ortner (1998) , Larsen (1998), and Cassidy (1984) found higher frequencies of periostitis in men in prehistoric Native American samples. Analysis of an early Archaic population from Florida found higher frequencies of linear enamel hypoplasia in males than in females (Berbesque and Doran, 2008) . According to Guatelli-Steinberg and Lukacs (1999) , when significant differences in enamel hypoplasia exist in skeletal samples, there is generally a higher frequency in males than females. In an early medieval skeletal sample from Croatia, the frequency of periostitis in males was almost twice that of females (Š laus, 2008) . Such patterns of higher frequencies of stress markers in men, however, are not universal, and many studies have observed higher frequencies in women. Larsen (1997) summarizes several studies reporting higher frequencies or greater severity of periostitis among females in prehistoric Southwestern U.S. samples. Cucina et al. (2006) found a higher frequency of cribra orbitalia in females in a 2nd-3rd century A.D. Roman site, and according to Cohen and Bennett (1993) there is generally a higher frequency of both porotic hyperostosis and cribra orbitalia among women in prehistoric and historic skeletal samples. Š laus (2000) found that the frequency of periostitis in women was twice that in men in a late medieval skeletal sample from Croatia, although the results were not statistically significant. Studies of maxillary sinusitis have found that the frequency of the pathology is significantly higher among women in various samples from Native American, English, and Nubian cemeteries (Roberts et al., 1998; Roberts, 2007) . King et al. (2005) found a higher frequency of linear enamel hypoplasia among females in samples from 18th and 19th century London. There are also several studies that have failed to find differences in the frequencies of stress markers between men and women. A study of stress markers in a 1750-1500 B.C. Nubian site revealed no significant differences between males and females (Buzon and Judd, 2008) . Storey (1998) did not find any differences in the frequency of childhood stress markers between men and women of the same social status among the Late Classic Maya of Copan. Buikstra and Cook (1981) and Powell (1988) found no sex differences in the frequency of tuberculosis in several Middle and Late Woodland and Mississippian sites. Møller-Christensen (1978) found no sex differences in the frequency of skeletal signs of leprosy in a medieval Danish site. Grauer et al. (1998) found in a sample from a 19th century Chicago poorhouse that frequencies of periostitis, linear enamel hypoplasia, and other lesions potentially indicative of infectious diseases did not differ significantly between the sexes. This is not an exhaustive survey of all the studies that have examined sex differences in osteological stress markers. However, the variation even in this brief overview demonstrates that no consistent pattern which would indicate sex differences in underlying frailty has yet been resolved using skeletal data.
Rather than examine frequencies of osteological stress markers to investigate sex differentials in morbidity and mortality in the past, the study presented here uses a hazards model to determine if the excess mortality associated with stress markers differs between the sexes in a medieval skeletal sample from London. Such differences would be informative about whether previous exposure to stressors affected risks of dying equally for men and women. The ultimate goal of this study is to examine differences in frailty between men and women in a medieval population, and the approach taken here is potentially more informative than comparing frequencies of stress markers because it does not assume that such markers indicate identical levels of frailty for all individuals in a sample. Rather, this study allows for (but does not require) variation between the sexes with respect to the excess mortality associated with osteological stress markers. According to Cohen and Bennett (1993: p. 284) , there may be inherent differences between males and females in the body's ability to buffer stress or the ways in which stress leaves visible signs on the skeleton. If females were less frail than males in past populations, they might have developed osteological stress markers but nonetheless been more resistant to a variety of causes of death than males. In other words, the effects of pre-existing health conditions on risk of dying might have been stronger and thus increased risks of mortality to a greater extent among men than among women. If this was the case, the excess mortality associated with osteological stress markers should be higher among men than women in skeletal samples; i.e., stress markers should be associated with more highly elevated risks of death in males than females.
This study examines sex differences in the risk of mortality associated with osteological stress markers using a sample from the East Smithfield cemetery in London. The East Smithfield cemetery was established in the 14th century for the exclusive purpose of burying victims of the Black Death in London (Hawkins, 1990) . Given that all individuals in East Smithfield died during the Black Death, most (if not all) individuals in the East Smithfield cemetery died from the same cause. With the East Smithfield sample it is therefore possible to control for cause of death to a greater extent than is possible with normal (i.e., nonepidemic) mortality samples. This allows for the analysis of the differences between men and women in the risks of mortality associated with osteological stress markers without the potential confounding effects of different causes of death.
Previous studies have examined the East Smithfield cemetery to determine the selectivity of the Black Death with respect to sex and pre-existing health conditions (or frailty) (DeWitte and Wood, 2008; DeWitte, 2009) . Such studies were done in part to evaluate the assumption that because Black Death mortality was very high (i.e., 30-50% of affected populations died during the epidemic), the epidemic killed people indiscriminately, unlike normal causes of mortality, which tend to be selective. Selective mortality, or selectivity, refers to the fact that most normal causes of mortality generally target (and thus select out of the population) those individuals at the highest risks of death in the population rather than killing all individuals at the same rate (Wood et al., 1992) . Skeletal samples, which are obviously samples of dead individuals, are typically not representative of the original living population because of selective mortality. Individuals who die at a given age, and thus comprise a skeletal sample, are usually those with the highest frailty within the population and thus are those most likely to die and be selected out of the population (Wood et al., 1992) . Previously, it was not clear whether the Black Death was selective or if everyone exposed to the disease was at equal risk of dying. Some contemporary chronicles of the Black Death include statements that suggest that factors such as age, sex, and social status had no effect on risk of death, but rather, all individuals were equally likely to succumb to the disease (e.g., see excerpts from and translations of chronicles in Horrox, 1994; Cohn, 2002) . DeWitte and Wood (2008) used a multistate model of health and mortality (Usher, 2000) , which was also used for the current study and is described below in Materials and Methods, to determine whether the Black Death was selective with respect to frailty. The study examined the relationship between osteological stress markers and risk of death in East Smithfield to determine if pre-existing health conditions affected risks of death during the Black Death. Estimates of excess mortality associated with osteological stress markers within the East Smithfield sample were compared to those estimated for a preBlack Death normal mortality sample from Denmark to evaluate whether the patterns of selectivity during the Black Death cemetery were similar to those that existed under conditions of normal mortality. Analysis of the normal mortality Danish sample was necessary to establish that the presence of stress markers really was indicative of poor health under normal mortality conditions. All of the stress markers included in the study were associated with excess mortality in the normal mortality Danish cemeteries. These results confirmed earlier findings that these particular stress markers are informative about health condition or frailty; i.e., individuals with stress markers in Denmark were in poor health and at higher risks of mortality than their peers without stress markers. Results from the East Smithfield Black Death cemetery suggest that the Black Death was in fact selective with respect to pre-existing health, such that individuals who were in relatively poor health before the epidemic were more likely than their healthier peers to die during the Black Death. Comparison of the results from the Black Death cemetery to those from a normal mortality sample revealed a consistent pattern of higher estimated values of the risk of death associated with stress markers within the normal mortality sampled compared to East Smithfield. These differences suggest that though the Black Death was selective with respect to pre-existing health, it was perhaps not as strongly selective as normal mortality, presumably because many more otherwise healthy individuals were victims of the Black Death than would have died under conditions of normal, medieval mortality.
Another previous study of the East Smithfield cemetery examined the effect of sex on risk of death during the Black Death (DeWitte, 2009). For the previous study, a sample from East Smithfield was used to model sex as a covariate acting upon the parameters of the Gompertz-Makeham model of adult mortality; no attempt was made to include children given the difficulty of determining sex for subadults. The estimated value of the parameter representing the effect of the sex covariate did not significantly differ from zero, which suggests that there was no substantial difference in the risk of death between men and women in London during the Black Death. The results from that study suggested that Black Death mortality was not selective with respect to sex among adults; i.e., men and women were at approximately equal risks of dying during the epidemic. However, in that previous study, sex was modeled as a covariate affecting the entire Gompertz-Makeham model; i.e., sex was modeled as proportional to the entire hazard, independent of age (DeWitte, 2009). It is possible that differences in risk of death existed between men and women at different adult ages, but such age patterns were not captured using the proportional hazard assumption. As discussed below, the results from this previous study might inform the interpretation of the results from the current study.
Given the results from the DeWitte and Wood (2008) study, i.e., that the Black Death was selective with respect to frailty, the current study examines whether the strength of that selectivity was the same for both sexes or if there were differences between men and women. This study addresses the question of whether previous exposure to stressors had the same effect on risk of death for men and women. The previous studies described above did not address potential sex differences in the excess mortality associated with osteological stress markers. However, it is possible that such differences exist. As mentioned above, there may be differences between males and females with respect to the body's ability to buffer stress or the ways in which physiological stress leaves visible signs on the skeleton (Cohen and Bennett, 1993) . It is possible that there are important sex differences in the relationship between osteological stress markers and mortality in past populations and that stress markers are therefore not equally informative about health condition, or frailty, in men and women in those populations. To evaluate differences in the strength of Black Death selectivity with respect to previous physiological stress, this study examines differences between men and women in the risks of death associated with osteological stress markers in the East Smithfield cemetery. Such differences might be informative about underlying differences in frailty between men and women in the medieval population of London.
MATERIALS AND METHODS Skeletal sample
East Smithfield Black Death cemetery. The skeletal material for this study comes from the East Smithfield Black Death cemetery in London, a site in northeast London located near the Tower of London. The East Smithfield cemetery is an exclusively Black Death cemetery that is one of only a few excavated cemeteries with both documentary and archaeological evidence linking it to the 14th-century epidemic. The East Smithfield cemetery was established in late 1348 or early 1349 to contain thousands of individuals killed during the Black Death in London, and it was used until the epidemic ended in 1350 (Hawkins, 1990 (Grainger and Hawkins, 1988) . Excavation of the East Smithfield cemetery revealed several hundred skeletons, and 600 individuals were recovered and are currently curated at the Museum of London. The East Smithfield cemetery provides a unique sample of the population of mid-14th century London. Individuals of all ages and both sexes are represented in the cemetery. Importantly, for the purposes of this study, all individuals in the cemetery died within a short period of time and most, if not all, were victims of medieval plague. As the goal of this study is to evaluate sex differences in the risk of mortality associated with osteological stress markers, it is beneficial to be able to control, as much as possible, for cause of death, as different causes of death might vary in their selectivity with respect to pre-existing health conditions (DeWitte and Wood, 2008) . The East Smithfield cemetery provides an almost ideal sample for an evaluation of how pre-existing health conditions differentially affected male and female risks of succumbing to a single cause of death. For this study, a sample of 299 adults (173 males, 126 females) was selected from the East Smithfield cemetery and analyzed by the author at the Museum of London Centre for Human Bioarchaeology. This sample comprises all of the excavated adults from East Smithfield who were preserved well enough to provide sufficient data on age and sex and the presence of certain osteological stress markers. Because of the difficulties associated with determining sex in juveniles, this study only examines patterns of mortality among adults.
Age and sex estimation
Age estimation. Ages were estimated using the method of transition analysis (Boldsen et al., 2002) . This ageestimation method uses statistical methods to avoid the problem of age mimicry associated with traditional approaches (age mimicry refers to estimated ages that are biased toward the age distribution of a known-age reference sample) (Bocquet-Appel and Masset, 1982; Boldsen et al., 2002) . For transition analysis, the conditional probability that a skeleton exhibits a certain age indicator stage given the individual's known age is estimated from a known-age reference sample. This conditional probability is then combined with a prior distribution of ages at death (either a uniform prior or a prior distribution based on documentary information) using Bayes' theorem to determine the posterior probability that a skeleton died at a certain age given that it displays particular age indicator stages. For this study, transition analysis was applied to skeletal age indicators present on the pubic symphysis and iliac auricular surface and to cranial suture closure as described by Boldsen et al. (2002) , and the ADBOU (Anthropological Database, Odense University) Age Estimation software was used to determine individual ages-at-death. The ADBOU program uses a conditional probability estimated from the Smithsonian Institution's Terry Collection that an individual with certain age indicators will be a given age. The program also uses a prior age-at-death distribution based on data from 17th-century Danish rural parish records to provide estimates for the age-at-death distribution in the target sample. Using Bayes' theorem, the ADBOU program combines the informative prior and the conditional probability to estimate the highest posterior point estimate of age for each individual in the sample.
Sex determination. Sex was determined from dimorphic features of the skull and pelvis using the standards described in Buikstra and Ubelaker (1994) . The following features of the skull were scored: glabella/supraorbital ridge, supraorbital margin, mastoid process, external occipital protruberance/nuchal crest, and the mental eminence. The following features of the pelvis were also evaluated for sex determination: the ventral arc of the pubis, subpubic concavity, ischiopubic ramus ridge, and the greater sciatic notch. Researchers have demonstrated that the accuracy of these individual traits, or combinations thereof, for the purposes of sex determination ranges from 68 to over 96% (Phenice, 1969; Sutherland and Suchey, 1991; Graw et al., 1999; Ubelaker and Volk, 2002; Rogers, 2005; Walker, 2005; Williams and Rogers, 2006) . Multiple skeletal indicators of sex were used for this study, given that including more than one indicator improves the accuracy of sex determination (Meindl et al., 1985; Rogers, 2005; Williams and Rogers, 2006; Walker, 2008) .
Osteological stress markers
Using the model described below, this study analyzes the risk of death associated with the following nonspecific osteological markers of physiological stress: linear enamel hypoplasia, porotic hyperostosis, cribra orbitalia, and tibial periostitis. Periostitis is part of an inflammatory response to trauma or infection, and it results in excess bone formation. It can occur at any age (i.e., it is not generally restricted to childhood as are the other stress markers used in this study) (Larsen, 1997; Ortner, 2003) . For the current study, periostitis was scored on the tibia because paleopathological studies have repeatedly demonstrated that the tibia is commonly affected by periostitis and because the tibia is a robust bone that is therefore often well-preserved in skeletal samples (Eisenberg, 1991; Milner, 1991; Larsen, 1997; Roberts and Manchester, 2005) . Only the anterior and medial surfaces of the diaphysis of the tibia were scored for periostitis, as the posterior surface of the tibia is often covered by muscle markings that can interfere with identification of subtle pathologies. Periostitis was identified macroscopically and was scored as present if the there was at least one distinct patch of woven or sclerotic bone (or a combination of the two) laid down on the surface of the diaphysis.
Porotic hyperostosisis and cribra orbitalia are lesions on the cranial vault bones and orbital roofs, respectively, which are characterized by a porous appearance of the outer table of the affected bone that is often associated with expansion of the underlying diplöic bone (Mensforth et al., 1978; Ortner, 2003) . Both porotic hyperostosis and cribra orbitalia are usually associated with anemia or other causes during childhood that result in an expansion of the bone marrow and thus an expansion of the surrounding diplöic bone. Both stress markers can be retained into adulthood (Walker et al., 2009 ). For the current study, the cranial vault was scored for porotic hyperostosis, and the roofs of both orbits were scored for cribra orbitalia. Both stress markers were identified macroscopically. Porotic hyperostosis and cribra orbitalia were scored as present if at least one square centimeter of porosity was visible.
Linear enamel hypoplasia is a tooth enamel defect caused by the disruption of enamel formation as a result of infection or malnutrition (Huss-Ashmore et al., 1982; Dahlberg, 1991; Roberts and Manchester, 2005) . Enamel hypoplasia occurs only while the teeth are developing during childhood, but it is not subject to remodeling and thus can be retained well into adulthood (Roberts and Manchester, 2005) . Linear enamel hypoplasias appear as horizontal lines of varying width on the surface of the affected tooth. For the current study, linear enamel hypoplasias were identified macroscopically on the buccal surface of the mandibular canines. The mandibular canine has a relatively long developmental time-span (10 years) and is highly sensitive to physiological stress (Goodman et al., 1980; Huss-Ashmore et al., 1982; Santos and Coimbra, 1999) . Only permanent dentition with very little or no wear were scored. Linear enamel hypoplasia were scored as ''present,'' if one or more depressions on the surface of the tooth were palpable and were visible to the naked eye under good lighting.
These osteological stress markers are used in this study only as nonspecific indicators of general health. It should be emphasized that the Black Death killed too quickly to leave visible signs on the skeleton, so osteological stress markers in the East Smithfield sample were not caused by the Black Death itself. For this study, the stress markers indicate an individual's general level of health (i.e., pre-existing health condition or previous exposure to physiological stressors) before ultimately dying during the Black Death.
Model
The risk of death associated with osteological stress markers among adults in the East Smithfield cemetery was assessed using a multistate model of health and mortality that was developed for paleodemography by Usher (2000) and was previously used to examine selective mortality in the East Smithfield cemetery by the author (DeWitte and . The model, shown in Figure 1 , has three, nonoverlapping states: State 1 includes all those individuals in the sample without any osteological stress markers that are visible to the naked eye, State 2 includes those with visible osteological stress markers, and State 3 is death. Everyone in the skeletal sample used for this study is, of course, dead and thus observed in State 3, so States 1 and 2 represent the possible living states the individuals could have been in right before they died. In the Usher model, individuals can move from State 1 to State 2 (i.e., suffer some physiological stress and thus develop an osteological stress marker), and individuals can die from either of the two living states (i.e., with or without stress markers). The transitions from either of the two living states to death are determined by age-specific hazard rates. The model allows for (but does not require) variation in the hazard rates between each of the two living states and death; i.e., the hazard of making the transition from State 2 to death can be higher or lower than, or the same as the hazard of making the transition from State 1 to death. Thus, the model can be used to estimate the differential risk of death associated with the living states. The model allows one to address the question of whether certain osteological stress markers really are associated with increased risks of death-i.e., whether individuals with osteological stress markers are at elevated risks of dying compared to their peers without such stress markers (Ortner, 1991; Wood et al., 1992) . Even though everyone in a cemetery sample is observed in State 3, data on age-at-death and the presence of osteological stress markers can be used to estimate all of the parameters of the model described below.
For this study, the baseline risk of death from State 1, h 13 (a), was specified as a three-parameter GompertzMakeham model:
In this model, a i is the age of the ith skeleton in years, a 1 is the constant age-independent risk of mortality that everyone within the population faces (i.e., the chance of dying from accidents and other causes that are unrelated to aging), and a 2 e ba is the exponentially increasing senescent risk of mortality, where a 2 is the overall level of mortality among adults and b is the rate at which this risk increases with age (Gage, 1988) . The GompertzMakeham function is a parsimonious model of adult mortality that fits the general human pattern of relatively low mortality during the young adult ages and an increasing risk of death with senescence . The hazard of moving from State 1 to State 2, i.e., of developing stress markers, h 12 (a), was estimated as a constant k 1. For this study, an age-specific hazard of moving from State 1 to State 2 was not included in the model because for most osteological stress markers, one does not know the age at which an individual became ill or suffered some other physiological stress sufficient to cause a stress marker, nor does one know precisely how long it took for a stress marker to develop. For simplicity, in this study, the age of onset of stress markers was modeled as an exponential random variable. The hazard of dying from State 2, h 23 (a), was modeled as proportional to the baseline age-specific risk of dying from State 1. Under the proportional hazards specification, k 2 is a proportional term on the Gompertz-Makeham function and is thus independent of age. The k 2 parameter value indicates the proportional difference in risk of death between individuals with and without stress markers. Estimated k 2 values significantly greater than one indicate that individuals with stress markers were at higher risks of dying compared to peers without stress markers. Estimated k 2 values significantly lower than one indicate that individuals with stress markers face decreased risks of death compared to their peers. Estimated k 2 values equal to one indicate that individuals with and without stress markers were at approximately the same risk of death. For this study, the Usher model was fit to data on age, sex, and the presence of stress markers. To evaluate sex differences in the excess mortality associated with osteological stress markers within the East Smithfield sample, and thus whether previous exposure to stressors had the same effect on risk of death for men and women, sex was modeled as a covariate affecting the k 2 parameter in the Usher model. In this analysis, females were coded as 0, and males were coded as 1. A significant positive or negative estimate for the parameter representing the effect of the sex covariate would suggest that the excess mortality associated with stress markers was higher or lower, respectively, for men compared to women. The model was fit separately to data on the presence of each of the four following stress markers: porotic hyperostosis, cribra orbitalia, linear enamel hypoplasia, and tibial periostitis. Maximum likelihood analysis was used to estimate the parameters for this study, and estimation was done with Holman's mle program (2005) . Likelihood ratio tests (LRT) were used to evaluate the fit of the full model, which included all the parameters of the Usher model described above plus the parameter representing the effect of the sex covariate, compared to the reduced model that did not include sex as a covariate. The LRT therefore tests the null hypothesis that the risk of death associated with stress markers was the same for men and women. The LRT was computed as follows:
, where LRT approximates a v 2 distribution with df 5 1 (the degrees of freedom are equal to the number of additional parameters in the full model). It should be noted that the errors associated with age estimates were not taken into account Fig. 1 . Three-state model of morbidity and mortality. Individuals are born into State 1, and transitions between states i and j occur at age-specific hazard rates h ij (a), where a is age in years. The transition between States 1 and 3 follows the baseline Gompertz-Makeham hazard function h 13 (a) 5 a 1 1 a 2 exp(ba), and the proportional term associated with a particular stress marker, k 2 , acts to modify this baseline rate for those who die from State 2. The hazard of developing a detectable stress marker is set equal to the constant k 1 (Redrawn from Usher, 2000.) .
when estimating the Usher model. Therefore, the estimated values of the k 2 parameter and the parameter representing the effect of the sex covariate should be viewed as general, qualitative measures of the excess mortality associated with stress markers and the sex differences thereof.
A hazards model was used in this study rather than the more traditional life-table approach to avoid the potential problems associated with paleodemographic life tables. Life tables, which display age-specific mortality rates (and often other, related measures), are an important tool in demographic research, and there is a long history of their use in paleodemography . The paleodemographic use of life tables is based on the idea that the distribution of ages-at-death within a skeletal sample is equivalent to the cohort age-atdeath column in a life table (Milner et al., 2008) . However, this is true only when the population that gave rise to a cemetery sample was stationary (i.e., closed to migration, an intrinsic rate of increase equal to zero, and age-specific mortality and fertility rates that do not change over time), and the assumption that a past population was stationary is not necessarily valid (Milner et al., 2008) . Furthermore, life tables are considered by many researchers to be an inefficient way to deal with paleodemographic age-at-death data (Buikstra, 1997; Hoppa and Vaupel, 2002; Konigsberg and Frankenberg, 2002; Wood et al., 2002; Milner et al., 2008) . Life tables require the estimation of one parameter (the central mortality rate) for every age interval used, and there is no way to do this reliably without huge samples and knowledge of the original population at risk, both of which are often unavailable for most paleodemographic investigations . Some paleodemographers have tried to avoid these and other problems associated with life tables by using a model life table approach, i.e., the application of a theoretical life table that matches the age-at-death distribution observed in a cemetery sample (Weiss, 1973; Wood et al., 2002) . Unfortunately, it is not always clear which model life table is most appropriate to use in paleodemographic studies (Gage, 1988; Milner et al., 2008) . Many researchers argue that rather than using life tables, some form of parametric or semiparametric hazards analysis is the most powerful way to derive information from the small samples typical of paleodemography (Gage, 1988; Frankenberg, 1992, 2002; Buikstra, 1997; Hoppa and Vaupel, 2002; Wood et al., 2002) . According to Holman et al. (2002) , most human age-atdeath distributions can be described using five or fewer parameters, and parsimonious parametric models provide a useful alternative to life tables in paleodemographic studies.
RESULTS
The maximum likelihood estimates of k 2 , the excess mortality associated with the osteological stress markers used in this study, and the estimated values of the parameter representing the effect of the sex covariate, along with the standard errors associated with these estimates and the results from the LRT, are shown in Table 1 . These results indicate that all stress markers are associated with increased risks of death in the East Smithfield sample, as all the estimated k 2 values are greater than one. These results are not surprising given similar findings from a previous study of East Smithfield, which thereby suggested that the Black Death was selective with respect to frailty (DeWitte and . For the current study, though the estimated values of k 2 suggest that exposure to stressors prior to the Black Death increased the risk of death for both men and women during the epidemic, the consistently positive estimated values of the parameter representing the effect of the sex covariate suggests that the excess mortality associated with stress markers was higher for men than for women.
It should be noted that the k 2 estimates and the estimated values of the parameter representing the effect of the sex covariate have relatively large standard errors associated with them as shown in Table 1 , and these standard errors are probably underestimated. As mentioned above, to estimate the parameters of the model used in this study, point estimates of age were used without their corresponding errors. Because the errors associated with ages were not incorporated when the model was fit, the reported standard errors might be underestimated to an unknown degree, and the standard error estimates should thus be viewed with caution. Nonetheless, there is a consistent pattern, as the k 2 estimates for all stress markers are greater than one and the estimated values of the parameter representing the effect of the sex covariate are positive. The consistent pattern suggests that these stress markers are indicative of higher frailty and that the risk of death associated with such markers were higher for men. However, the numerical value of estimates of the k 2 parameter and the parameter representing the effect of the sex covariate should not necessarily be taken at face value given the uncertainty associated with the standard error estimates. The results of the LRT further suggest that the excess mortality associated with stress markers was higher for men than women in the East Smithfield sample, as they indicate that including the sex covariate improved the fit of the model with respect to all of the stress markers considered.
DISCUSSION
The estimated values of the excess mortality associated with osteological stress markers from this study suggest that exposure to physiological stressors prior to the Black Death increased the risk of death for both men and women during the 14th-century epidemic. Men and women with osteological stress markers were more likely than their peers without such markers to die during the Black Death. As mentioned above, these results are not particularly surprising, given similar results from a previous study of East Smithfield (DeWitte and Wood, 2008) . However, even though it appears that prior exposure to stressors elevated risks of death for both sexes during the Black Death, the estimated values for the parameter representing the effect of the sex covariate suggest that the excess mortality associated with the stress markers considered in this study was higher for men than for women. These differences between men and women might suggest that the effect of pre-existing health condition on risk of dying during the Black Death was stronger among men than among women and that males were, on average, frailer than women in the population of medieval London. That is, pre-existing health conditions made all individuals more vulnerable to death during the Black Death, but the risk for men relative to their healthier peers might have been even greater than that among women. Women in medieval London with a history of physiological stress might have been better able to resist dying from the Black Death, perhaps because of superior immune competence. An alternative explanation of the observed data is that, rather than suggesting sex differences in frailty in general, these results might suggest that the Black Death was not quite as strongly selective with respect to frailty among women and killed more otherwise healthy women than healthy men. The possible interpretation that women were less frail than men in medieval London is consistent with the widespread perspective that female buffering or female advantages in morbidity and mortality are biological norms for humans and other species. Numerous studies have revealed female morbidity and mortality advantages in humans and in many other animal species (Promislow, 1992; Klein, 2000; Moore and Wilson, 2002) . As described above, in most modern human populations, women tend to experience lower age-specific mortality rates at most ages and live longer than men. There are exceptions, and in some countries (e.g., in South Asia), life expectancy at birth is lower for women and age-specific mortality is higher for females at many ages (Bhatia, 1984) . However, fetal and neonatal mortality rates are higher for males in those countries (Chen et al., 1981; Bhatia, 1984) . Furthermore, studies of the effects of stress on prenatal growth generally show that males are more vulnerable to stress in utero than are females (Stinson, 1985) . The sex differentials that occur during the prenatal or neonatal period are the result of endogenous factors (i.e., rather than being the result of preferential treatment or heterogeneity in exposure to risk factors) and thus, according to some researchers, reflect the ''innate frailty of the male'' (Bhatia, 1984: p. 167) , or the ''higher biological risk of male children'' (Chen et al., 1981: p. 57) . When postnatal morbidity and mortality is lower in males than females, researchers often attribute the differential to preferential treatment of males (Chen et al., 1981; Stinson, 1985) . Differentials favoring males are also often attributed to the complications associated with pregnancy and childbirth that ultimately act to balance the natural female advantages (see Lopez and Ruzicka, 1984; Gage, 1994) .
If, as the results of this study might suggest, women were less frail than men in medieval London, could this be potentially informative about female access to resources in medieval London? This is important because nutritional status can affect immune functioning. If females do not have adequate nutrition, they might be immunocompromised despite any innate advantages associated with being female. Higher levels of malnutrition among females compared to males have been observed in many studies within modern populations (e.g., Chen et al., 1981; Bhatia, 1984; Khadi et al., 1996; Esimai et al., 2001; Zhou et al., 2005; Sakisaka et al., 2006; Dey and Chaudhuri, 2008) . According to Chen et al. (1981) , because of preference for sons in rural Bangladesh, malnutrition is much more common in female children and is at least partly due to unbalanced provisioning of children within families. The health effects of such disparities are exacerbated because male children are also much more likely to receive medical care, and they therefore are more likely to recover from infectious diseases. Kehoe and Giletti (1981) and Rosenberg (1980) summarize several studies that have demonstrated cultural dietary rules that prevent females from obtaining adequate high quality foods in modern stratified societies, such as restrictions on female consumption of meat, certain vegetables, or dairy products. According to Ortner (1998) , in many developing countries, men have priority access to higher quality and larger quantities of food than women, and he argues that such differential access to food has probably existed for a long time in human populations. Unequal distribution of food and other resources between the sexes might have important consequences for observed patterns of frailty. Indeed, many of the examples of preferential treatment of males occur (or occurred in the past) in areas in which males experience longer life expectancies and lower age-specific mortality rates.
Given that malnutrition increases vulnerability to infectious disease (Scrimshaw, 1987; Ortner, 1998) , did sex determine access to food in medieval England in ways that might have influenced differences in frailty? In many parts of medieval Europe, anything a woman owned became the legal property of her husband, so sons were generally preferred over daughters because of the desire to keep heritable properties within the family (Bennett, 1987; Wiesner, 2000) . This preference might have resulted in reduced care for or provisioning of daughters. However, the data from historical records on differential treatment of sons and daughters are ambiguous (Bennett, 1987) . In early medieval religious communities, women were given smaller rations of food because of their smaller size (Pearson, 1997) , and among the laity and in religious communities, women were encouraged to fast as a means of reducing sexual urges (Bynum, 1987) . According to Pearson (1997) , the nutritional needs of early medieval women, particularly given the strains of pregnancy, childbirth, and lactation, were probably not adequately met for many women, given what is known about the foods available at that time. Some historical records indicate that women did not live as long as men in the early Middle Ages, and their apparent reduced longevity might have been the result of iron-deficiency anemia caused by a lack of sufficient iron in the diet coupled with iron depletion through menstruation, pregnancy, and lactation (Bullough and Cameron, 1980) . Premenopausal women would have been at elevated risks of anemia because of their higher iron requirements compared to men, and anemia might have rendered women more susceptible to morbidity and mortality from a variety of other causes. According to Bullough and Campbell (1980) , several historical sources indicate that woman were living longer than men beginning in the 14th century, and they argue that the differential in favor of women was the result of dietary changes, particularly an increase in the amount of protein and iron available in the diet. Following the adoption of the three-field system of agriculture in the 9th century, more protein-rich plant foods, such as peas and broadbeans, were included in the typical diet, and at the same time, more meat was also apparently being consumed (Bullough and Cameron, 1980) . These dietary changes might have benefitted women more than men because of an increase in iron-rich foods in the diet that lowered the prevalence of anemia among women. The results of the current study might provide additional support for this argument.
Studies of dietary differences between medieval men and women have been done using stable isotope analysis of skeletal material. Such studies are somewhat limited, however, as they are not capable of revealing everything that was consumed by individuals in the past. Reconstruction of diets, based on strontium and barium analyses, in an early medieval site in Poland does not reveal any differences between males and females with respect to the consumption of seafood and milk products (Szostek et al., 2009) . At the site of St. Andrew, Fishergate in York, northern England, dated to the 13th-16th centuries, nitrogen and carbon isotope ratios were generally lower among females than males, suggesting that women consumed less marine foods than men (Muldner and Richards, 2007) . However, analysis of males and females from the same household and status revealed no significant differences between the sexes. The lower ratios for women within the site might reflect different migratory patterns or differences between members of the local monastic order and the laity rather than differential access to food based on sex. Mays (1997) found no differences in isotopes indicative of marine resources between males and females in two 13-16th century sites in northern England (Hartpoole and Newcastle). Studies of sites dating to the 11-14th centuries in Orkney revealed significant difference between the sexes, with more marine resources consumed by men, perhaps reflecting differences in activities (e.g., greater involvement of men in fishing or seal hunting) (Barrett and Richards, 2004; Richards et al., 2006) .
The existing historical and stable isotope data provide useful information about medieval dietary patterns, but they do not clarify whether men and women in medieval London were equally well (or poorly) nourished or if one sex had preferential access to food. If the results of this study really do indicate lower frailty among women in medieval London, they, in turn, suggest that women in general were not more highly malnourished than men. If women in medieval London had lower average frailty than men, this might have been the result of a lack of disparities in access to food resources. Approximately equal access to food perhaps enabled these women to achieve their biological potential of lower frailty relative to men. Alternatively, men might have eaten more and better foods than women, but given that medieval diets in general might not have been very high in nutritional quality (Dyer, 1983) , preferential access might not have made any appreciable difference with respect to immune functioning and frailty.
The alternative explanation for the results from this study must be also considered. As mentioned above, rather than demonstrating lower frailty in women compared to men, the values for the parameter representing the effect of the sex covariate shown in Table 1 might indicate that the Black Death discriminated less strongly between women with and without pre-existing health conditions than was true for men. There is excess mortality associated with osteological stress markers for both men and women, so the results should not be interpreted as indicating that the Black Death killed women totally irrespective of preexisting health condition. However, the lower excess mortality associated with stress markers among women compared to men as indicated by the estimated values of the parameter representing the effect of the sex covariate might indicate that the Black Death killed more otherwise healthy women than healthy men. This interpretation of the results in turn suggests that the Black Death disproportionately affected women. Alternatively, if the results indicate that men in medieval London were frailer than women, a reasonable inference is that men in general were at a higher risk of death than women during the Black Death. Thus, the two alternative explanations for the results observed in this study lead to very different inferences about the sex pattern of Black Death mortality. There are numerous modern examples of diseases that differentially affect either women or men, some of which are described above, so either scenario is plausible.
Is either inference about the sex pattern of Black Death mortality consistent with existing evidence regarding sex differences in medieval plague mortality? Several contemporary chroniclers believed that more women than men were killed by the 14th-century Black Death, while others claimed that the epidemic killed indiscriminately (Cohn, 2002) . Previous investigations of the sex patterns of Black Death mortality using skeletal remains from the East Smithfield cemetery suggest that neither sex was at a disproportionately elevated risk of dying during the Black Death relative to the patterns observed under conditions of normal mortality (Waldron, 2001; DeWitte, 2009 ). However, some have interpreted the higher number of males within East Smithfield as indicating female advantages during the Black Death (Waldron, 2006) . Burial records and several historical accounts indicate that in some of the outbreaks of medieval plague that followed the 1347-1351 epidemic, men were disproportionately affected. However, several other chroniclers also noted that mortality was the same for men and women in some of these subsequent outbreaks (Cohn, 2002) . For example, burial records for the London parish of St. Botolph's without Bishopsgate reveal an excess of male deaths in the 1603 and 1625 epidemics (Hollingsworth and Hollingsworth, 1971) . But this pattern was neither consistent across all parishes in London nor across the 1593, 1603, and 1625 outbreaks (Finlay, 1979) . Bradley (1977) did not find a difference in mortality between men and women during the 1665-6 plague in Eyam, England, and Schofield (1977) similarly found no evidence that either sex was disproportionately affected in the town of Colyton, England that same year. Thus, the existing evidence regarding mortality during the Black Death and subsequent outbreaks of plague does not clearly indicate that one sex was disproportionately affected. This evidence therefore neither strongly supports the conclusion that the results of this study indicate higher male frailty in medieval England nor that the results suggest the Black Death was less strongly selective for frailty among women. Future studies of the differences in the risks of death associated with osteological stress markers might help determine which of these two possible interpretations of the data from this study is more likely. For example, finding that the differences with respect to the risks of death associated with stress markers between men and women in noncatastrophic cemeteries are similar to those observed in East Smithfield might further support the idea that women were less frail than men in past populations.
CONCLUSION
The results of this study suggest differences between men and women with respect to the excess mortality associated with osteological stress markers. These results suggest that in medieval London, a difference existed in the average frailty of men and women, such that exposure to physiologic stressors increased risks of death to a greater extent among men than women. If this is true, it might mean that the modern pattern of excess female longevity has underlying causes that are not unique to modern populations and that the morbidity and the mortality advantages experienced by women in modern populations also existed in the past. An alternative explanation for the results of this study is that the Black Death was selective with respect to frailty among both men and women, but that it discriminated less strongly among women. If this was the case, the lower risk of mortality associated with stress markers among women compared to men was the result of the Black Death killing a greater proportion of healthy women than healthy men, rather than reflecting lower average frailty among women. Additional studies of the sex differences in the risk of mortality associated with stress markers in a variety of cemetery samples might yield data that further support the hypothesis that women were less frail on average than men in past populations.
